Introduction {#s1}
============

Viruses are obligate intracellular pathogens as they require cellular machinery to replicate. Indeed, viruses often subvert the functions of cellular machinery to support their life cycle. Human adenovirus (HAdV) is no exception, and during infection must appropriate the host cellular transcriptional apparatus to begin transcription of the viral genes necessary to reprogram the cellular environment [@ppat.1003411-Frisch1], [@ppat.1003411-Ferrari1]. This is done in large part by the viral products of Early Region 1A (E1A), the first gene transcribed after infection. The E1A proteins bind and redirect the activity of transcriptional regulators to initiate transcription of the HAdV early genes [@ppat.1003411-Ferrari1], [@ppat.1003411-Hearing1]. The HAdV 5 E1A mRNA has five splice variants. The two largest isoforms, 13S and 12S, encode 289 and 243 residue (R) proteins, respectively. These proteins predominate at the early stages of virus infection. Sequence alignment of E1A from a variety of HAdVs shows four regions of conservation, and have been designated CR1-4 [@ppat.1003411-Avvakumov1]. The 289R and 243R E1A proteins of HAdV 5 are identical except for the presence of an additional 46 amino acid sequence within the 289R [@ppat.1003411-Pelka1]. This unique 46 amino acid region encompasses CR3 [@ppat.1003411-Geisberg1]. Both the CR3 region and N-terminal 82 residues of E1A are sufficient to activate transcription when fused to a heterologous DNA binding domain [@ppat.1003411-Yousef1], [@ppat.1003411-Bondesson1]. Although each region can separately recruit a plethora of transcriptional activators [@ppat.1003411-Geisberg1], [@ppat.1003411-Bondesson1]--[@ppat.1003411-Duyndam1], they function together to recruit cellular transcriptional complexes for the activation of viral transcription [@ppat.1003411-Pelka1], [@ppat.1003411-Geisberg1], [@ppat.1003411-Wong1], [@ppat.1003411-Ablack1]. CR3, specifically, activates transcription through interactions with the mediator complex component Med23 (mediator complex subunit 23) [@ppat.1003411-Stevens1], [@ppat.1003411-Ablack2], [@ppat.1003411-Berk1]. CR3 activity is further modulated by pCaf (CREBBP-associated factor), Gcn5 (general control of amino-acid synthesis, yeast, homolog), p300 (E1A binding protein p300), BS69 (bone morphogenetic protein receptor-associated molecule 1) and Sug1 (26S proteasome AAA-ATPase subunit RPT6) [@ppat.1003411-Grand1], [@ppat.1003411-Ablack2], [@ppat.1003411-Pelka2]--[@ppat.1003411-Pelka3]. Likewise, the N-terminus of E1A interacts with transcriptional activators, such as p300, CBP (CREB-binding protein), p400 (E1A binding protein p400), pCaf, TBP (TATA binding protein), and TRAAP (transformation/transcription domain-associated protein) [@ppat.1003411-Frisch1]. Although there exists a large body of research focusing on the role that CR3 plays in virus transcription, the requirement for the N-terminus, which is conserved in both the 289R and 243R E1A proteins, and the mechanisms through which it cooperates with CR3 to activate viral transcription, are poorly understood.

Previously, we identified a novel interaction between the N-terminus of HAdV 5 E1A and hBre1(human BREfeldin A sensitivity)/RNF20 (Ring finger protein 20) [@ppat.1003411-Fonseca1]. hBre1 is a cellular ubiquitin ligase, which functions in concert with the accessory factor RNF40 (Ring finger protein 40) and the Ube2b (Ubiquitin-conjugating enzyme E2B) ubiquitin conjugase to monoubiquitinate histone 2B (H2B) [@ppat.1003411-Kim1], [@ppat.1003411-Osley1]. The monoubiquitination of H2B (H2B-ub) is an epigenetic mark of genes that are highly transcriptionally active [@ppat.1003411-Shema1]. H2B-ub is a precursor to other activation marks, such as the trimethylation of histone 3 lysines 4 and 79, which are promoted by the interaction of the hBre1 complex with the hPaf1 (human RNA polymerase II associated factor 1) complex [@ppat.1003411-Kim2], [@ppat.1003411-Wood1]. During infection, E1A binds to hBre1 and blocks the interaction between hBre1 and the catalytic subunit Ube2b. This specifically antagonizes the ability of the hBre1 complex to monoubiquitinate H2B at interferon (IFN) responsive genes [@ppat.1003411-Fonseca1]. In this way, the interaction of E1A with hBre1 blocks transcriptional activation of IFN responsive genes and this contributes to inhibition of the cellular innate immune response to HAdV infection via an epigenetic mechanism [@ppat.1003411-Fonseca1].

Here, we investigate whether the interaction of HAdV 5 E1A with hBre1 influences transcription from the HAdV genome. We have found that the interaction of E1A with hBre1 contributes to the activation of early viral gene expression. Specifically, E1A utilizes hBre1 as a scaffolding protein to recruit the hPaf1 complex to HAdV early genes. This retasking of the hPaf1 complex, which is known to promote RNA polymerase II transcription elongation and transcription-coupled histone modifications, contributes to E1A mediated activation of HAdV early gene expression. Thus, in addition to antagonizing the ability of hBre1 to function as an E3 ubiquitin ligase involved in transcriptional activation of the innate immune response, the interaction of E1A with hBre1 serves a second distinct purpose as a novel means of enhancing viral gene transcription by recruiting the hPaf1 complex.

Results {#s2}
=======

hBre1 contributes to Gal4 mediated transcriptional activation by the N-terminus {#s2a}
-------------------------------------------------------------------------------

We previously showed that the N-terminus of E1A interacts with the cellular ubiquitin ligase hBre1 [@ppat.1003411-Fonseca1]. To determine if hBre1 influences transcriptional activation by the N-terminus of E1A, human U-2 OS osteosarcoma cells were treated with either a control (Ctrl) siRNA or one of 4 hBre1 specific siRNAs. Cells were then transfected with a constitutive β-galactosidase reporter, a Gal4 responsive luciferase reporter and a vector expressing the Gal4 DNA binding domain (DBD) alone or Gal4 DBD fused to the N-terminus of E1A. As an additional control, cells were similarly transfected with a vector expressing the Gal4 DBD fused to E1A CR3. E1A CR3 also functions as a strong transcriptional activation domain, but does not interact with hBre1. Luciferase activities were measured and results were normalized to β-galactosidase activity. The effects of siRNA treatment were calculated as a relative fold change with respect to cells transfected with a vector expressing the Gal4 DBD alone. Treatment with each of the 4 hBre1 specific siRNAs resulted in decreased hBre1 expression, which was accompanied by a decrease in E1A N-terminal dependent transcriptional activation ([Figure 1](#ppat-1003411-g001){ref-type="fig"}). Based on this result, we used hBre1 siRNA 3 for further experiments. In contrast to its effects on transactivation by the N-terminus of E1A, knockdown of hBre1 had only modest effects on transcriptional activation by E1A CR3. These data suggest that hBre1 is involved transcriptional activation mediated by the N-terminus of E1A, but not by CR3.

![The N-terminus of E1A specifically requires hBre1 for full activation of transcription.\
U-2 OS cells were transfected with a negative control siRNA or 1 of 4 siRNAs specific for hBre1. Cells were then transfected with a constitutive β-galactosidase reporter, a Gal4 responsive luciferase reporter and a vector expressing the Gal4 DNA binding domain (DBD) alone, the Gal4 DBD fused to the N-terminus of E1A, or the Gal4 DBD fused to E1A CR3. Luciferase activity was measured. [Results](#s2){ref-type="sec"} were normalized to β-galactosidase activity and siRNA treated groups were set as a fold change to the Gal4 only transfected counterpart. A statistically significant decrease from control siRNA treatment is indicated (\* P\<0.01). n = 3.](ppat.1003411.g001){#ppat-1003411-g001}

E1A requires hBre1 and likely p300/CBP to fully activate transcription of viral early genes {#s2b}
-------------------------------------------------------------------------------------------

To determine if the hBre1 complex is required for E1A dependent activation of viral early gene expression, human A549 lung epithelial cells were treated with Ctrl siRNA or siRNA specific to either hBre1 or the hBre1 complex member RNF40 and were then infected with either wildtype (WT; dl309) HAdV or a series of HAdV E1A deletion mutants at a multiplicity of infection (MOI) of 5. These viruses express both the 289R and 243R E1A proteins. cDNA was prepared from cells collected 20 hours post infection (h.p.i). Under these conditions of infection, this time point precedes the onset of viral late gene transcription and expression, as well as amplification of the viral genome (Figure S1 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). The expression of a panel of HAdV early genes known to be activated by E1A was determined by quantitative real time PCR. Knockdown of hBre1 did not consistently reduce expression from the viral E1A or E1B transcription units over the panel of viruses ([Figure 2A,B](#ppat-1003411-g002){ref-type="fig"}). However, mRNA levels were significantly decreased from both the E3 and E4 transcription units in cells treated with hBre1 specific siRNA ([Figure 2C and D](#ppat-1003411-g002){ref-type="fig"}). In contrast, treatment with siRNA specific for the RNF40 component of the hBre1 complex did not significantly decrease mRNA levels from any of the HAdV early genes ([Figure 2](#ppat-1003411-g002){ref-type="fig"}, all panels). This result was unexpected, as RNF40 is essential for monoubiquitination of H2B by the hBre1 complex [@ppat.1003411-Kim1]. Infection with a virus containing a deletion of E1A that is unable to bind hBre1 (E1A Δ4--25), also showed a reduction in transcription of E3 and E4, but not E1A and E1B ([Figure 2](#ppat-1003411-g002){ref-type="fig"}). Interestingly, the decreased early gene expression observed with this mutant was not further exacerbated by knockdown of hBre1. This suggested that the inability of the E1A Δ4--25 mutant to bind hBre1 and the knockdown of hBre1 might have redundant effects on E1A dependent transcription of E3 and E4 ([Figure 2C and D](#ppat-1003411-g002){ref-type="fig"}).

![hBre1 contributes to E1A mediated activation of E3 and E4 expression during infection with HAdV.\
A549 cells were treated with Ctrl siRNA, siRNA specific to RNF40 or siRNA specific for hBre1 (Shown in the inset panel) and infected at an MOI of 5 with WT HAdV, or a series of HAdV containing the indicated deletions within the N-terminus of E1A (Shown in the inset panel). RT-qPCR was performed with a panel of HAdV early genes, normalized to GAPDH and fold change to uninfected Ctrl siRNA treated cells was plotted. [Results](#s2){ref-type="sec"} for the HAdV E1A (A), E1B (B), E3 (C), and E4 (D) transcription units are shown. A statistically significant decrease from siCtrl is indicated (\* P\<0.01). n = 3.](ppat.1003411.g002){#ppat-1003411-g002}

A reduction in the transcriptional activation of E3 and E4 was also observed during infection with virus containing E1A deletions in adjacent regions not required for interaction with hBre1 (E1A Δ26--35, E1A Δ30--49; [Figure 2C and D](#ppat-1003411-g002){ref-type="fig"}). In contrast to E1A Δ4--25, transcription of E3 and E4 during infection with these mutants was further decreased by knockdown of hBre1 ([Figure 2C and D](#ppat-1003411-g002){ref-type="fig"}). Taken together, these results suggest that, while hBre1 is specifically targeted by E1A to enhance transcriptional activation of E3 and E4, other factors bound at adjacent regions of E1A also contribute to full transcriptional activation.

It should be noted that residues 4--25 of E1A are also required for interaction with p300 and CBP as well as hBre1 [@ppat.1003411-Fonseca1], [@ppat.1003411-Egan1], [@ppat.1003411-Mymryk1]. p300/CBP may also play a role in E1A-dependent transactivation as the mutant lacking residues 30--49, which are also required for p300/CBP interaction [@ppat.1003411-Egan1], [@ppat.1003411-Mymryk1] but not hBre1 binding [@ppat.1003411-Fonseca1], also shows a reduction of E3 and E4 expression ([Figure 2C, 2D](#ppat-1003411-g002){ref-type="fig"}).

hBre1 is recruited to HAdV early genes by E1A, but this does not lead to H2B monoubiquitination {#s2c}
-----------------------------------------------------------------------------------------------

As hBre1, but not RNF40 is required for maximal E1A dependent activation of E3 and E4 expression ([Figure 2](#ppat-1003411-g002){ref-type="fig"}), we next determined whether hBre1 complex members or H2B-ub could be detected on the E3 and E4 promoters. A549 cells were infected with WT HAdV or a HAdV containing a deletion of E1A (ΔE1A) at an MOI of 5. Chromatin immunoprecipitation (ChIP) was then performed using an antibody control, E1A specific antibody, RNA polymerase II (RNA pol II) specific antibody, and antibodies specific to hBre1 complex members hBre1, RNF40, and Ube2b. As expected [@ppat.1003411-Rasti1], E1A was present at all HAdV early gene promoters and this correlated with the transcriptional status as determined by occupancy of RNA pol II ([Figure 3A](#ppat-1003411-g003){ref-type="fig"}). E1A was not detected on the cellular GAPDH (glyceraldehyde-3-phosphate dehydrogenase) promoter, as has been previously published [@ppat.1003411-Fonseca1], [@ppat.1003411-Ferrari2]. Similarly, hBre1 and RNF40 were specifically associated with the promoters of the HAdV early genes E2e, E3, and E4, but not with E1A or E1B ([Figure 3B](#ppat-1003411-g003){ref-type="fig"} and S2 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). In contrast, Ube2b, the catalytic member of the hBre1 complex involved in H2B monoubiquitination, was not recruited to the HAdV genome. Given that RNF40 is not required for transcriptional activation of HAdV early genes, and Ube2b is not present on their promoters, it seems unlikely that the hBre1 complex could perform its best characterized function, the monoubiquitination of H2B. This was confirmed by ChIP analysis, which demonstrated that H2B-ub was not present on viral chromatin at the E3 and E4 promoters ([Figure 3C](#ppat-1003411-g003){ref-type="fig"}). Despite an absence of H2B-ub, marks of transcriptional activation such as H3K18 acetylation, and H3K4 and K79 trimethylation were detected by ChIP on the E3 and E4 promoters ([Figure 3C](#ppat-1003411-g003){ref-type="fig"}), which is consistent with the presence of RNA pol II ([Figure 3A](#ppat-1003411-g003){ref-type="fig"}).

![E1A recruits hBre1 to HAdV early gene promoters, but HAdV chromatin is not monoubiquitinated by hBre1.\
A549 cells were infected with WT HAdV or ΔE1A HAdV for 20 hours. Chromatin immunoprecipitation (ChIP) was then performed with antibodies specific for the indicated proteins. DNA was probed via qRT-PCR for the presence of HAdV early gene promoters. Data was normalized to ΔE1A HAdV and a non-specific antibody control. Occupancy by RNA pol II and E1A (A), hBre1 complex members (B), and the indicated histone post-translational modifications (C) at HAdV early gene promoters are shown. In B, a statistically significant increase from mouse antibody ChIP is indicated (\* P\<0.01). n = 3.](ppat.1003411.g003){#ppat-1003411-g003}

hPaf1 contributes to transcriptional activation by the N-terminus of E1A, but not by CR3 {#s2d}
----------------------------------------------------------------------------------------

In addition to its function in H2B monoubiquitination, hBre1 interacts with several other complexes involved in transcriptional regulation [@ppat.1003411-Kim2], [@ppat.1003411-Wood1], [@ppat.1003411-Lee1], [@ppat.1003411-Hahn1]. To determine if any of these hBre1 interacting complexes were similarly required for E1A dependent transcriptional activation, U-2 OS cells were treated with siRNA specific to hPaf1, SetD (SET domain containing) 1A, SetD1B, MLL (myeloid/lymphoid or mixed-lineage leukemia) 2, or MLL3 & 4. Cells were then transfected with a constitutive β-galactosidase reporter, a Gal4 responsive luciferase reporter and a vector expressing Gal4 or Gal4 fused to the N-terminus of E1A. Gal4 fused to E1A CR3 was again used as a control, as it functions as a strong transactivator, but does not bind to hBre1. Knockdown of hPaf1 did not affect hBre1 expression ([Figure 4](#ppat-1003411-g004){ref-type="fig"}, inset), but nevertheless resulted in significant decreases in transcriptional activation by the N-terminus of E1A, but not CR3 ([Figure 4](#ppat-1003411-g004){ref-type="fig"}). This result is similar to what was observed for knockdown of hBre1 ([Figure 1](#ppat-1003411-g001){ref-type="fig"}) and suggests that the hPaf1 complex is specifically recruited by the N-terminus of E1A to enhance transcriptional activation. None of the other knockdowns specifically reduced activation by the N-terminus of E1A as they also reduced activation by CR3, which does not bind to hBre1 ([Figure 4](#ppat-1003411-g004){ref-type="fig"}).

![The N-terminus of E1A, but not CR3 requires hPaf1 for efficient transcriptional activation.\
U-2 OS cells were transfected with a negative Ctrl siRNA or siRNAs specific for known hBre1 interacting proteins. Cells were then transfected with a constitutive β-galactosidase reporter, a Gal4 responsive luciferase reporter and a vector expressing the Gal4 DBD alone, Gal4 DBD fused to the N-terminus of E1A, or Gal4 DBD fused to E1A CR3. Luciferase activity was measured. [Results](#s2){ref-type="sec"} were normalized to β-galactosidase activity and siRNA treated groups were set as a fold to the Gal4 only transfected counterpart. A statistically significant decrease from Ctrl siRNA treatment is indicated (\* P\<0.01). n = 3.](ppat.1003411.g004){#ppat-1003411-g004}

hPaf1 is recruited to the viral E3 and E4 gene promoters in an E1A and hBre1 dependent manner {#s2e}
---------------------------------------------------------------------------------------------

To determine whether hPaf1 is recruited to the HAdV genome, we performed ChIP analysis. A549 cells were infected with WT HAdV and a series of HAdV containing deletions in E1A at an MOI of 5. ChIP was then performed using an antibody control and a hPaf1 specific antibody. hPaf1 was found to specifically localize to the E2e, E3 and E4 viral early gene promoters in an E1A dependent manner, and this required the same region of E1A (residues 4--25) necessary for interaction with hBre1 ([Figure 5A and B](#ppat-1003411-g005){ref-type="fig"}). Reduced hPaf1 occupancy of the E3 and E4 promoters was also observed during infection with virus expressing E1A lacking residues 30--49 of E1A. Although this reduction was not as substantial as with the Δ4--25 mutant, the Δ30--49 mutant retains binding to hBre1, suggesting that other factors such as p300/CBP may influence hPaf1 recruitment. ChIP analysis did not detect hPaf1 within the E3 and E4 gene transcribed regions ([Figure 5A](#ppat-1003411-g005){ref-type="fig"}), the E1A and E1B promoters ([Figure 5B](#ppat-1003411-g005){ref-type="fig"}), or IFN responsive genes (Figure S3 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}) during infection suggesting a specific recruitment and localization to the E2e, E3 and E4 promoters. Furthermore, ChIP reChIP experiments demonstrated that hPaf1 co-occupied the E2e, E3 and E4 promoter regions with both hBre1 and E1A ([Figure 5C](#ppat-1003411-g005){ref-type="fig"}) but did not show any co-localization with either hBre1 or E1A at E1A or E1B promoters (Figure S4A in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). This colocalization on HAdV early genes suggests that E1A, by binding hBre1, is recruiting hPaf1 to participate in the transcriptional activation of the viral E3 and E4 early genes.

![E1A recruits hPaf1 to HAdV early gene promoters via hBre1.\
(A, B) hPaf1 is localized at the E2e, E3 and E4 promoters. A549 cells were infected with WT HAdV, ΔE1A HAdV or HAdV containing deletions within E1A for 20 hours. Chromatin immunoprecipitation (ChIP) was performed with the indicated antibodies and DNA was probed via qRT-PCR for the presence of HAdV early gene promoters or transcribed regions. hPaf1 localization requires residues 4--25 of E1A and s found on the E2e, E3 and E4 but not the E1A or E1B promoter regions. A statistically significant decrease from WT in A is indicated (\* P\<0.01). (C) hPaf1 colocalizes with E1A and hBre1 on the E3 and E4 promoters. hPaf1 ChIP was followed by re-ChIP with either hBre1 or E1A specific antibodies to determine co-occupancy. Data was normalized to ΔE1A HAdV and a non-specific antibody control. (D and E) hPaf1 recruitment to the E3 and E4 promoter requires hBre1. A549 cells were treated with a non-specific siRNA, or siRNA specific for hBre1 (D), or hPaf1 (E) prior to virus infection. ChIP assays were then performed using hBre1 or hPaf1 specific antibodies. hPaf1 and hBre1 occupancy was then determined at the HAdV E3 and E4 promoters as described above. n = 3.](ppat.1003411.g005){#ppat-1003411-g005}

Next, we tested whether hPaf1 recruitment to HAdV early genes required hBre1. A549 cells were treated with either a non-specific control siRNA or an siRNA specific to hBre1 and infected with WT HAdV at an MOI of 5. ChIP was then performed using an antibody control or an antibody specific to hPaf1. Knockdown of hBre1 substantially affected hPaf1 recruitment to the E2e, E3 and E4 promoters during HAdV infection, but not E1A, E1B or GAPDH (Figure S4B in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). In contrast, siRNA knockdown of hPaf1 did not reduce hBre1 recruitment to the HAdV genome during HAdV infection (Figure S4B in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). These results indicate that E1A is utilizing hBre1 as a scaffold to recruit hPaf1 to the E3 and E4 promoters. Further, hPaf1 was shown to interact with E1A by co-immunoprecipitation. This interaction was dependent on hBre1 expression, as knockdown of hBre1 reduced hPaf1 co-association with E1A (Figure S4C in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}).

hPaf1 is required for expression of the viral E3 and E4 transcription units {#s2f}
---------------------------------------------------------------------------

To determine if hPaf1 is involved in the transcriptional activation of HAdV early genes, A549 cells were treated with control or hPaf1 specific siRNAs and infected with WT or ΔE1A virus. Knockdown of hPaf1 compared to control siRNA treatment caused a reduction in the ability of WT virus to activate expression of the viral E2e, E3 and E4 ([Figure 6A](#ppat-1003411-g006){ref-type="fig"}), but not the E1A and E1B early genes during infection ([Figure 6A](#ppat-1003411-g006){ref-type="fig"}). Thus, hPaf1 knockdown affected the expression of same subset of early genes affected by knockdown of hBre1 ([Figure 2](#ppat-1003411-g002){ref-type="fig"}). These data confirm that hPaf1 is involved in E1A dependent activation of viral E2e, E3 and E4 gene expression.

![hPaf1 is required for expression of the HAdV E2e, E3 and E4 genes during infection and chromatin marks associated with active gene expression.\
(A) Knockdown of hPaf1 does not affect E1A and E1B expression, but greatly reduces E3 and E4 expression during infection. A549 cells were treated with Ctrl siRNA or hPaf1 specific siRNA and infected with wildtype (WT) or ΔE1A HAdV. qRT-PCR was then performed for E3 and E4 expression. Data was normalized to GAPDH and fold was set to the WT CTRL siRNA of the same gene. (B) hPaf1 is required for H3K4 and H3K79 trimethylation at the E3 and E4 promoters. ChIP assays were performed on A549 cells treated with siRNA as indicated and infected for 20 hours at a MOI of 5. ChIP was then performed using antibodies specific for trimethylated H3K4 or H3K79 and qRT-PCR was performed for the indicated HAdV early gene promoter region. A statistically significant decrease from Ctrl siRNA treatment is indicated (\* P\<0.01). n = 3.](ppat.1003411.g006){#ppat-1003411-g006}

Recruitment of hPaf1 is required for H3K4 and H3K79 tri-methylation of the HAdV E3 and E4 promoters {#s2g}
---------------------------------------------------------------------------------------------------

Recruitment of the hPaf1 complex to a transcriptional template has been reported to be necessary for several histone post-translational modifications associated with active transcription, including trimethylation of H3K4 and H3K79 [@ppat.1003411-Kim1], [@ppat.1003411-Mohan1]. To determine if hPaf1 is required for the observed E1A dependent increase in H3K4 and H3K79 tri-methylation at the viral E3 and E4 promoters, A549 cells were infected as before with WT or ΔE1A virus and ChIP was performed using antibodies specific for H3K4 or H3K79 trimethylation. Knockdown of hPaf1 significantly reduced H3K4 and H3K79 trimethylation at the viral E2e, E3 and E4 promoters, but not the E1A, E1B or GAPDH promoters ([Figure 6B](#ppat-1003411-g006){ref-type="fig"}). This suggests that hPaf1 plays an essential role in generating these two histone modifications at the E3 and E4 promoters, but not the E1A promoter.

The E1A proteins from multiple HAdV types target hBre1 {#s2h}
------------------------------------------------------

Although it is known that the HAdV 5 E1A protein binds hBre1, it is not known whether this interaction is a feature of all E1A proteins. To determine if the interaction with hBre1 is evolutionarily conserved among the different HAdV types, we co-transfected human HT1080 fibrosarcoma cells with hBre1 and a representative E1A from six different HAdV groups which were tagged at their C-terminus with GFP. Co-immunoprecipitation was performed on lysates by immunoprecipitating the representative E1As with GFP antibody and any co-precipitated hBre1 was detected with hBre1 specific antibody. hBre1 interacted strongly with all of the E1A proteins tested, with the exception of HAdV 12 ([Figure 7A](#ppat-1003411-g007){ref-type="fig"}). The conservation of the E1A-hBre1 interaction across multiple HAdV species suggests that targeting of hBre1 is an important aspect of E1A function.

![hBre1 is a conserved target of the E1A proteins of multiple types of HAdV.\
(A) Evolutionary conservation of hBre1 binding with the E1A proteins of multiple HAdV types. HT1080 cells were transfected with hBre1 and either empty control vector, or the E1A genes from representative members of the 6 types of HAdV. E1A was immunoprecipitated and Western blots were performed using hBre1 specific antibody or HA to detect E1A proteins. (B) The E1A proteins from several types utilize hBre1 and hPaf1 for transcriptional activation. U-2 OS cells were treated with Ctrl non-specific siRNA, or an hBre1 or hPaf1 specific siRNA (shown in the inset panel). Cells were then transfected with a constitutive β-galactosidase reporter, a Gal4 responsive luciferase reporter and a vector expressing the Gal4 DBD alone, or Gal4 DBD fused to the N-terminus of the indicated HAdV E1A. Luciferase activity was measured. [Results](#s2){ref-type="sec"} were normalized to β-galactosidase activity and siRNA treated groups were set as a fold to the Gal4 only transfected counterpart. A statistically significant decrease from Ctrl siRNA treatment within the Gal4 fusion group is indicated (\* P\<0.01). n = 3.](ppat.1003411.g007){#ppat-1003411-g007}

hBre1 and hPaf1 are required for transcriptional activation by the E1A proteins of multiple HAdV types {#s2i}
------------------------------------------------------------------------------------------------------

The evolutionary conservation of the E1A-hBre1 interaction ([Figure 7A](#ppat-1003411-g007){ref-type="fig"}) suggested that there could also be an evolutionary conservation of E1A-hBre1 function as well. To test this, U-2 OS cells were treated with non-specific siRNA, hBre1 specific siRNA or hPaf1 specific siRNA. Cells were then transfected with a constitutive β-galactosidase reporter, a Gal4 responsive luciferase reporter and a vector expressing the Gal4 DBD or the Gal4 DBD fused to the N-terminus of E1A. The results from the luciferase assays indicate that activation by the N-terminus of the HAdV 3, 4, 5 and 9 E1A proteins types was reduced when either hPaf1 or hBre1 are knocked down ([Figure 7B](#ppat-1003411-g007){ref-type="fig"}). Thus, the E1A proteins from multiple HAdV types appear to utilize both hBre1 and hPaf1 for transcriptional activation.

Discussion {#s3}
==========

HAdV E1A is an unusually strong and multifarious regulator of gene expression. E1A is the first protein expressed during viral infection and acts to reprogram cellular gene expression, as well as activate viral early gene expression. As such, E1A serves as a paradigm of eukaryotic transcriptional control. As one particular example, the ability of E1A to bind and sequester the p300/CBP acetyltransferases is a well established mechanism by which E1A can repress cellular transcription [@ppat.1003411-Ferrari1], [@ppat.1003411-Jelsma1], [@ppat.1003411-Horwitz1]. We previously demonstrated that HAdV 5 E1A targets the cellular hBre1 complex. E1A disrupts the interaction between the hBre1 ligase and the Ube2b conjugase, leading to a global reduction in H2B-ub, decreased occupancy by hPaf1 and a consequent abrogation of type I IFN dependent gene expression [@ppat.1003411-Fonseca1] (Figure S3 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). The interaction of E1A with hBre1 provides a mechanism by which E1A antagonizes expression of cellular genes required for the innate immune response to viral infection in addition to the sequestration of p300/CBP. In the present work, we have determined that the interaction of E1A with hBre1 is further exploited by the virus to activate expression of the viral E2e, E3 and E4 transcription units. Thus, subversion of the hBre1 complex by E1A results in two distinct and opposite effects: inhibition of transcription from cellular IFN responsive genes and activation of viral gene expression ([Figure 8](#ppat-1003411-g008){ref-type="fig"}).

![The interaction of E1A with hBre1 serves two completely different purposes during HAdV infection.\
By disassociating the catalytically active Ube2b component from the hBre1 complex, E1A inhibits H2B monoubiquitination and suppresses transcription of IFN responsive genes (left panel). However, E1A then retasks the catalytically inactive hBre1 complex by using it as a scaffold to recruit hPaf1, leading to localized H3K4 and H3K79 trimethylation and stimulation of viral gene expression.](ppat.1003411.g008){#ppat-1003411-g008}

Our findings here show a novel means by which hBre1 facilitates transcriptional activation, specifically via recruitment and modulation by the N-terminus of E1A. More importantly, the contribution made by this interaction is completely independent of the known ability of the hBre1 complex to monoubiquitinate H2B. Indeed, neither the Ube2b nor RNF40 components of the hBre1 complex are required for E1A dependent activation of viral early gene expression. This reveals an alternative and unexpected method by which hBre1 can activate transcription. We hypothesized that during infection, E1A functionally retasks the catalytically inactive hBre1 complex, converting it into a scaffold to recruit additional factors that enhance expression of the viral E2e, E3 and E4 early gene promoters. Our results indicate that the outcome of viral retasking of the hBre1 complex is the recruitment of the cellular hPaf1 complex. The hPaf1 complex functions as an important regulator of RNA pol II transcriptional regulation, primarily by promoting transcription elongation and transcription-coupled histone modifications [@ppat.1003411-Tomson1]. We demonstrate that hPaf1 was specifically required for transcriptional activation by the N-terminus of HAdV 5 E1A ([Figure 4](#ppat-1003411-g004){ref-type="fig"}), was recruited to HAdV early genes in an identical pattern to hBre1 and required hBre1 and E1A for this recruitment ([Figure 3](#ppat-1003411-g003){ref-type="fig"} and [5](#ppat-1003411-g005){ref-type="fig"}). In addition, hPaf1 shared co-occupancy on the viral E2e, E3 and E4 promoters with both E1A and hBre1 and was required for efficient expression of these genes during infection ([Figure 5](#ppat-1003411-g005){ref-type="fig"} and [6](#ppat-1003411-g006){ref-type="fig"}). In contrast, hPaf1 was not recruited to the viral E1A and E1B promoters and was also not required for their expression (Figure S4B in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}, 5B and 6A), suggesting that additional factors are involved in activating expression of these genes.

CR3 is known to be the primary activation domain of viral transcription in HAdV 5 E1A. This is evidenced in that the 289R E1A product activates viral transcription far more strongly than the 243R E1A product, which lacks CR3 [@ppat.1003411-Ablack2], [@ppat.1003411-Berk1]. Also, CR3 alone is able to activate viral transcription [@ppat.1003411-Mazzarelli1], [@ppat.1003411-Ablack2]. However, activation of early gene transcription is greatly enhanced by the presence of the N-terminus of E1A [@ppat.1003411-Wong1], [@ppat.1003411-Ablack2]. This functional cooperation may be mediated in part by the co-recruitment of the p300/CBP histone acetyltransferases by the N-terminus and CR3 regions of E1A HAdV 5 [@ppat.1003411-Wong1], [@ppat.1003411-Pelka3]. The data presented here suggests that, in addition to p300/CBP, the N-terminus also contributes to viral early gene activation by recruiting hBre1. E1A dependent promoter occupancy by hBre1 in turns recruits the hPaf1 complex and in turn recruits additional factors that further modify viral chromatin, including the appearance of transcriptional activation marks such as H3K4 and H3K79 trimethylation ([Figure 6B](#ppat-1003411-g006){ref-type="fig"}).

The N-terminus of the E1A proteins from multiple HAdV species interact with hBre1 ([Figure 7A](#ppat-1003411-g007){ref-type="fig"}). This preservation of E1A interaction suggests a strong evolutionary conservation of functional utility. Knockdown of hBre1 or hPaf1 reduced transactivation by HAdV3, 4 and 9 ([Figure 7B](#ppat-1003411-g007){ref-type="fig"}), corroborating that their conserved ability to bind hBre1 contributes to transcriptional activation, as we observed with HAdV 5 E1A. Although HAdV 40 E1A bound hBre1, knockdown of hBre1 or hPaf1 did not affect its transactivation ability. Interestingly, HAdV 40 E1A exhibits a deficiency in activating transcription of other early viral genes during infection [@ppat.1003411-VanLoon1], which could arise from its inability to productively utilize hBre1 to activate transcription. The interaction of HAdV 40 E1A with hBre1 may instead be primarily involved in perturbing the composition of the hBre1 complex to antagonize cellular IFN dependent gene expression, rather than enhancing E1A dependent transcriptional activation. Interestingly, HAdV 12 E1A differs from all the other E1A proteins tested in that it did not bind to hBre1 and similarly showed no requirement for hBre1 or hPaf1 in transcriptional activation ([Figure 7B](#ppat-1003411-g007){ref-type="fig"}). The inability HAdV 12 E1A to bind hBre1 would be predicted to lead to weaker transactivation, and this may explain why HAdV 12 infection progresses more slowly and yields less virus compared to species C viruses, such as HAdV2/5 [@ppat.1003411-Zhao1]. In addition, HAdV 12 infection also differs from species C infection in that it is also less able to evade the type I IFN response [@ppat.1003411-Zhao1], which would also be expected based on HAdV 12 E1A\'s inability to bind hBre1.

The region spanning residues 4--25 on E1A, which is required for interaction with hBre1 [@ppat.1003411-Fonseca1] and to recruit Paf1 to early gene promoters ([Figure 5A](#ppat-1003411-g005){ref-type="fig"}), is also required for binding to the p300 and CBP acetyltransferases [@ppat.1003411-Egan1], [@ppat.1003411-Mymryk1]. Both p300 and CBP are global cellular transcriptional regulators that function through their ability to acetylate proteins including histones and to recruit additional transcriptional regulators [@ppat.1003411-Ferrari1], [@ppat.1003411-Ferrari2], [@ppat.1003411-Eckner1]--[@ppat.1003411-Bedford1]. As mentioned above, p300 and CBP have documented roles in transcriptional regulation of viral early genes [@ppat.1003411-Wong1], [@ppat.1003411-Pelka3]. It remains possible that the interaction of E1A with p300/CBP may also assist hBre1 with the recruitment of hPaf1 or function independently to recruit hPaf1. This is supported by a number of our observations. Firstly, knockdown of hBre1 does not completely abrogate hPaf1 recruitment to viral early genes (Figure S4B in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}). Secondly, an E1A mutant lacking residues 30--49, which binds to hBre1 but not p300/CBP, also exhibited reduced hPaf1 recruitment to HAdV early genes ([Figure 5A](#ppat-1003411-g005){ref-type="fig"}). This reduction was not as pronounced as for the Δ4--25 mutant, which binds neither hBre1 nor p300/CBP, supporting roles for both hBre1 and p300/CBP in hPaf1 recruitment. Finally, knockdown of hPaf1 reduced viral early gene transcription to a greater extent than did knockdown of hBre1 ([Figure 2](#ppat-1003411-g002){ref-type="fig"} and [6A](#ppat-1003411-g006){ref-type="fig"}). Taken together, these data suggest that one function of p300/CBP in early viral gene expression may be to assist hBre1 with the recruitment of hPaf1. This could occur via direct interaction, alterations in chromatin acetylation that influence hPaf1 binding, or acetylation of other non-chromatin factors involved in hPaf1 recruitment. Although both hBre1 and p300/CBP require residues 4--25 for interaction with E1A, p300/CBP also requires residues 36--69 for binding [@ppat.1003411-Egan1], [@ppat.1003411-Mymryk1]. It remains to be determined if E1A can simultaneously interact with both hBre1 and p300/CBP, as has been shown for p300/CBP and pRb [@ppat.1003411-Ferreon1], or whether E1A interacts sequentially with these factors to prepare the local chromatin environment for efficient early viral gene expression.

Although no other viral proteins besides E1A have been shown to bind hBre1, several others target hPaf1. Recently, hPaf1 was shown to bind the Influenza A H3N2 NS1 protein [@ppat.1003411-Marazzi1]. This interaction provides a mechanism by which Influenza may block the IFN response [@ppat.1003411-Marazzi1], similarly to what we have reported to result from the interaction of E1A with hBre1 [@ppat.1003411-Fonseca1]. It is interesting that these very different viruses have independently evolved to target the IFN response via these two interlocking epigenetic mechanisms. In addition to Influenza NS1, the HIV gene product Tat also interacts with hPaf1 [@ppat.1003411-Marazzi1], [@ppat.1003411-Sobhian1]. Tat recruits the hPaf1 complex along with numerous interacting partners to trimethylate H3K4 and activate viral gene expression from the HIV LTR [@ppat.1003411-Sobhian1]. This is a very similar function to what we have observed with hPaf1 recruitment by E1A. It remains possible that NS1 may also utilize its interaction with hPaf1 to regulate viral transcription in a manner similar to HAdV E1A and HIV Tat, but this has yet to be confirmed. Correspondingly, the interaction of Tat with hPaf1 may also affect the type I IFN response. Nevertheless, HAdV, Influenza A and HIV have convergently evolved to target the cellular hBre1/hPaf1 complexes as a strategy to regulate transcription during infection. The roles of these two complexes in the transcription process are clearly separable, as removal of hPaf1 dependent methylation patterns has similar effects on both cellular and viral genes, whereas hBre1 dependent monoubiquitination of H2B is required for IFN dependent transcription, but is unnecessary for E1A mediated activation of E2e, E3 and E4 gene expression. How E1A compensates for the lack of active H2B monoubiquitination at the E2e, E3 and E4 transcription units remains unknown, but may be related to differences between HAdV chromatin and normal cellular chromatin.

In summary, we have determined that the interaction of E1A with hBre1 serves two completely different purposes during a HAdV infection ([Figure 8](#ppat-1003411-g008){ref-type="fig"}). E1A inhibits H2B monoubiquitination and suppresses the type I IFN response by disassociation of hBre1 from Ube2b. However, E1A then retasks the catalytically inactive hBre1 complex by using it as a scaffold to recruit hPaf1 and stimulate viral early gene expression. Achieving an inhibition of innate immunity, while simultaneously repurposing a target to enhance viral transcription, represents an elegant example of the incredible economy of action accomplished by a viral regulatory protein through a single protein interaction.

Materials and Methods {#s4}
=====================

Cell lines and plasmids {#s4a}
-----------------------

Human adenocarcinoma A549, human fibrosarcoma HT-1080, and human osteosarcoma U-2 OS cells were grown at 37°C with 5% CO~2~ in DMEM (Multicell) supplemented with 10% fetal bovine serum (Gibco). Plasmids were transfected into HT1080 and U-2 OS cells using Superfect reagent (Qiagen) following the manufacturer\'s recommendations. Transfection efficiency was typically, 70--80% for HT1080 and 40--50% for U-2 OS cell lines. After 48 hours in culture, transfected cells were used for experimentation. E1A\'s from the HAdV types were cloned as fusions with GFP located at the C-terminus. All E1A N-terminus and CR3 clones used in luciferase experiments were fused at their N-terminus with the Gal4 DNA binding domain.

Quantitative RT-PCR {#s4b}
-------------------

Total RNA was prepared with Trizol extraction (Invitrogen). A total of 1 µg of RNA was reverse transcribed into cDNA by random priming using the One step RT-PCR kit (Qiagen) following the manufacturers\' instructions. Quantification of cDNA was done using SYBR-Green Supermix for real-time qPCR (MyIQ, BioRAD) with oligonucleotide sequences that specifically recognize the indicated target. GAPDH was used as a control for total cDNA. Controls without reverse transcriptase were done for each RNA sample alongside the cDNA control. [Results](#s2){ref-type="sec"} were normalized to the GAPDH and uninfected sample. The oligonucleotide sequences are listed in Table S1 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}.

RNAi knockdown {#s4c}
--------------

Downregulation of hBre1, RNF40, and hBre1 interacting proteins, including hPaf1 was performed using Silencer Select siRNA (Ambion). siRNA was delivered to cells via transfection with Silentfect (BioRad) following the manufacturer\'s instructions: 3 hours after seeding cells, for a period of 48 hours. A scrambled siRNA was used as a control.

Virus infection of cells {#s4d}
------------------------

All viruses are derived from the HAdV 5 dl309 background [@ppat.1003411-Jones1] and express both the larger 289Rand smaller 243R E1A proteins [@ppat.1003411-Egan1]. Cells were infected with WT (dl309), or a panel of HAdV containing the indicated E1A deletion mutations: ΔE1A (dl312), E1A Δ4--25 (dl1101), E1A Δ26--35 (dl1102), E1A Δ30--49 (dl1103). HAdV was used at a multiplicity of infection (MOI) of 5 pfu/cell. Cell cultures were infected at 50% confluence and left for 20 hours. Virus infection was found to be near 100% by fluorescence microscopy under these conditions using virus expressing GFP. Subconfluent cells were collected for further experimentation.

Gal4 luciferase assay {#s4e}
---------------------

Cells were transfected with a β-galactosidase reporter plasmid for normalization, a plasmid containing the luciferase gene driven by a 6×Gal4 binding sequence, and the indicated Gal4 DNA binding domain fusion plasmids. After 48 hours, cells were lysed in 200 µL using the supplied lysis buffer (Promega E397A). For detection of luciferase production, 50 µL of lysate was mixed with 50 uL of Luciferase Substrate (Promega E151A) immediately before detection of light as measured using a Berthold Lumat LB 9507. [Results](#s2){ref-type="sec"} were then set to an empty plasmid control and further normalized via β-galactosidase activity as detected by ONPG (Bioshop) assays.

Western blotting and co-immunoprecipitation {#s4f}
-------------------------------------------

Cells were lysed with NP40 lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.1% NP-40) and protein concentrations were determined with BioRad protein assay reagent using BSA as a standard. 0.5 mg of protein lysate was immunoprecipitated with 1 µg of GFP rabbit polyclonal (Table S2 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}) at 4°C for 4 hours. 25 µg of protein was kept as 5% input, except as noted in the figure legend of individual blots. After 3 washes in NP40 lysis buffer, complexes were boiled in 25 µL of sample buffer for 5 min. Proteins were separated on NuPage 4--12% Bis-Tris gradient gels (Invitrogen) and transferred onto a nitrocellulose membrane (Amersham). Membranes were blocked in TBS with 0.1% Tween-20 and 5% skim milk or BSA and blotted with the indicated primary overnight at 4°C. Details for the primary antibodies may be found in Table S2 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}. Horseradish peroxidase conjugated secondary antibodies were detected using ECL Plus western blotting detection system (Amersham).

Chromatin immunoprecipitation (ChIP) and ChIP-reChIP assays {#s4g}
-----------------------------------------------------------

Approximately 10^7^ cells per sample were cross-linked with 1% formaldehyde at room temperature for 10 min. Cells were washed twice with ice cold PBS and harvested. Cell pellets were lysed in 1 mL of cell lysis buffer (50 mM Tris-HCl \[pH 8.1\], 10 mM EDTA, 1% SDS, and a protease inhibitor cocktail (Sigma) on ice for 10 min. Lysates were sonicated in an ultrasonic biorupter bath (Diogenode XL-2006 TO) to yield DNA fragment sizes of 200--500 base pairs. Samples were then centrifuged at 10,000×g for 10 min. 1 mg of protein was used for ChIP, 100 µg of this was kept as 5% input. Supernatants were then diluted 10-fold in dilution buffer (20 mM Tris-HCl \[pH 8.1\], 1% Triton X-100, 2 mM EDTA, 150 mM NaCl and protease inhibitors) and precleared with 50 µL of ChIP protein-A Sepharose (50% slurry of protein A-Sepharose containing 2.5 µg of salmon sperm DNA and BSA/mL) for 50 min at 4°C. Immunoprecipitations were performed overnight at 4°C using 5 µg of the indicated antibody found in Table S2 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}. The next morning, 50 µL of ChIP protein-A Sepharose was incubated with each sample for 2 hrs. Beads were then washed once each with 500 µL of wash buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl), wash buffer II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl), and wash buffer III (0.25 M LiCl, 1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.0) respectively and then washed twice with Tris-EDTA buffer. Immunocomplexes were extracted twice with 150 µL of elution buffer (1% SDS, 0.1 M NaHCO~3~). For ChIP-reChIP, samples were then rediluted 10× with dilution buffer and immunoprecipitation was repeated with a second antibody as indicated. After final elution, 12 µL of 5 M NaCl was added to the 300 µL pooled elution and incubated at 65°C overnight to decrosslink the complexes. DNA was then purified using Quigen PCR Purification Spin Columns. Conditions for qRT PCR using SYBR Green were as per the manufacturers\' directions. Briefly, each 15 µL reaction contained 80 nM oligos and 0.5 uL of ChIP DNA.

Statistical analysis {#s4h}
--------------------

All experiments were carried out in duplicate with three replicates, with the exception of those shown in Figure S1 and Figure S4 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"}. Figure S1 and Figure S4 in [Text S1](#ppat.1003411.s001){ref-type="supplementary-material"} were carried out in duplicate with two replicates. Graphs represent the mean and standard error of the mean (S.E.M) of all experiments, while western blots are representative experiments. All numerical values represent means ± S.E.M. For blots, a representative example of the replicates is shown. Statistical significance of the differences was calculated using one way ANOVA and a Holm-Sidak post-hoc comparison to all other treatments in the experiment.
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